Given reported interactions between vergence and version dynamics, ocular reflexes cannot be properly modelled as separate independent subsystems. Using a model structure compatible with known anatomy, we show that a single bilateral system can produce results consistent with observed data both at the central and ocular levels. This model provides for both vergence and conjugate integrators in a single controller, and explains the observed modulation on abducens interneurons and mesencephalic vergence cells during vergence responses. Reported interactions between version and vergence would then be a natural consequence of a shared premotor network. Major implications include: the need to record both eyes in a protocol, since cross-talk is always possible; and adaptation to monocular changes could be distributed in all motor projections to both eyes.
INTRODUCTION
Our work is an attempt to represent by modelling, the reported interactions between vergence and version reflexes in binocular control. We will address two main issues:
• providing for central oculomotor integrators for both vergence and version systems; • allowing for interactions between vergence and version responses at both central premotor levels and at ocular levels.
It will be shown that distinct dynamics for the vergence and version systems can appear as emerging properties in a single controller, given the bilateral anatomical symmetries in oculomotor networks. All oculomotor models must provide for so-called central integrators, for both vergence and version. The evidence is two-fold: (1) to hold a current eye position in the dark (Robinson, 1981) ; (2) to process mainly velocity-like sensory information into desired positionrelated oculomotor drives (Skavensky & Robinson, 1973) . Version and vergence integrator time constants can differ by a factor of 3, so that previously they have been presumed to rely on independent brainstem-cerebellar networks.
Early stimulation experiments confirmed that the conjugate integrator is in the brainstem (Cohen & Komatsuzaki, 1972) . Since, then, the search has focused on the vestibular nuclei (VN) and adjacent prepositus hypoglossi (PH), using physiological techniques (e.g. Escudero, de la Cruz & Delgado-Garcia, 1992) , or chemical and physical lesions (Godaux, Cheron & Mettens, 1990; Straube, Kurzan & Biittner, 1991; Godaux & Ch&on, 1991; Cannon & Robinson, 1987; Ch&on & Godaux, 1987) . It is clear that lesions in any of the key VN-PH premotor centres affect conjugate integration function bidirectionally, though often asymmetrically. It is also noteworthy that even unilateral lesions cause similar gaze holding deficits in both eyes, during conjugate tasks.
There is less experimental evidence to localize the site of integration for the vergence system. Specialized vergence cells have been found in the mesencephalic reticular formation, close to the oculomotor nuclei (Mays, 1984; Mays, Porter, Gamlin & Tello, 1986) . Some vergence cells modulate directly with the vergence angle while others have firing properties similar to motoneurons and modulate with respect to both vergence angle and vergence velocity. Thus this group of cells might be the site of the vergence integrator, or simply reflect afferent characteristics passed on to the oculomotor nuclei.
Saccades in any direction have been shown to facilitate (accelerate) ongoing vergence (Zee, Fitzgibbon & Mays, 1992; Maxwell & King, 1992) . Based on this, Zee et al. (1992) proposed a model of binocular control with two separate integrators for the vergence and conjugate systems; all fast movements are synchronized by the silencing of shared saccadic omnipause cell circuits. That study is the first modelling effort to show possible 3359 vergence and conjugate interactions, albeit only during fast movements. However, in view of recent data, it appears that the vergence and version processes interact continuously, not simply during saccades (Collewijn, Erkelens & Steinman, 1995) .
Here, we put forward a model of binocular control which can reconcile several central observations and growing evidence for complex version-vergence interactions. As an initial step, we explore in a bilateral sense the properties of a model for eye-head coordination developed previously (Galiana & Guitton, 1992) for conjugate gaze displacement. This model placed the superior colliculus (SC) inside the feedback loop controlling gaze shifts with dynamic motor error. This approach is certainly compatible with the accepted role for the SC in saccade control: i.e. gaze re-orientation. However, it has an additional significant implication, i.e. that the SC could continue to drive gaze along a slow ramp toward a desired target, when saccades are terminated too early. This would be a form of slow pursuit, driven by retinal position error even in the dark, based on comparisons of efference copy and a memory of the initial gaze error.
A role for position error in the control of smooth pursuit has been argued before (see Discussion and Lisberger, Morris & Tychsen, 1987; Eckmiller, 1987) . In patients with congenital nystagmus, target offset from the retina using afterimages has also been shown to be the most effective drive for both saccadic and slow eye movements (Kommerell, 1986) . However, our model prediction suggested for the first time that such a positional tracking mechanism in pursuit might rely at least partly on collicular pathways (Lef~vre & Galiana, 1992; Lefrvre, Missal & Tyschen, 1994) . Since then, the plausibility of an SC contribution to slow pursuit, at least for conjugate ocular movements, has been reinforced by a few experiments. For example:
• Many tecto-reticulo-spinal neurons in cat have been observed to continue their decaying activity profiles beyond the end of a saccade, whenever associated with post-saccadic ramps in gaze toward the target (Olivier, A. Grantyn, Chat & Berthoz, 1993) • Stimulation of the cat SC at low current or spike frequency levels in the caudal area, or stronger levels near the rostral (fixation) area, can preferentially cause smooth (ramp-like) eye displacements toward the target, before the appearance of any saccade (Missal, Lef~vre & Galiana, 1995) . The parameters of the ramp are correlated with the size of the ensuing gaze shift (saccade, or gaze error) and the parameters of the electrical stimulus. Previously, intersaccadic ramps during natural head-fixed gaze shifts in cat had been shown to be highly correlated with concurrent residual gaze error (Missal, Crommelinck, Roucoux & Decostre, 1993; Lef~vre et al., 1994) .
• In monkey, stimulation of the frontal eye fields (FEF) can also elicit smooth (non-saccadic) eye movements (Gottlieb, Bruce & MacAvoy, 1993) , again with movement speed depending on stimulus parameters; it is interesting that these results in monkey (in FEF)
closely resemble the results in cat during SC stimulation, given that these two maps are interconnected and play similar roles in oculomotor control! Clearly, SC or FEF maps alone cannot provide for disparity or blur estimates which are the main accepted drives for the vergence system. However, we propose that such maps could provide some of the bilateral projections carrying retinal position and slip information to brainstem premotor circuits. They could complement or pass on information from accurate, but narrow-field, disparity cells in the cortex (Trotter et al., 1995; King & Zhou, 1995) . In any case, there is much evidence from human behavioural studies that retinal position errror, either alone or in combination with retinal slip, can affect the parameters of visual pursuit (see Discussion). Therefore, in this paper, we will set aside arguments on the numerous possible CNS regions which could provide retinal information, and simply presume that they are made available to premotor circuits in the brainstem through a target selection process. We will concentrate instead on the implications of binocular retinal information converging onto premotor pathways in a bilateral network controlling two eyes.
A MODEL FOR BINOCULAR CONTROL

The coordinate conventions
The coordinate system convention considers rightward head rotations (clockwise from above) as positive, and nasal eye or target angles as positive. This means that positive version (conjugate) angles (CO) and positive vergence angles (VE) are now represented by CO=(EL--ER)/2; VE=EL+ER
where ER and EL are the horizontal monocular angles of the right and left eye respectively, referred to a normal on the head frontal plane (see Fig. 1 ). The normal through each eye is thus considered the null or zero-angle position of each eye. Similar conventions can therefore be applied to target angles relative to each eye, defining conjugate and vergence components for the visual goal in space:
where TR and TL are the angles of the visual target, when referred to the null position of the right and left eye respectively. Hence the target position is specified by two coordinates, lying in the horizontal plane with eccentricity TC and at a depth specified by TV. As will be shown below, this two-dimensional goal will cause appropriate changes in two separate one-dimensional responses, the horizontal angles of the right and left eye, by dynamic coordination of binocular version and vergence.
Bilateral model structure
Only eye movements performed in the horizontal plane are considered, and the neural elements depicted in the model are assumed to operate in their linear ranges (no static non-linearities). For simplicity, variables in the i RR FIGURE 1. The coordinate system used in our equations and model considers ocular or target angles deviated toward the midline (nasally) as positive. Hence, temporal retinal errors (RR, RL) are also considered positive, and will occur when a target at p moves closer to q, along the midline in the midsaggital plane.
model are incremental: only deviations in activity from resting rates or equilibrium positions are considered. Vergence responses can be triggered by several sensory stimuli, including disparity, blur, or target angular size change (Ciuffreda & Kenyon, 1983; Erkelens & Regan, 1986 ), though disparity is widely acknowledged as the primary stimulus Judge, 1991) . Regardless of the visual cues, it is presumed that retinal signals from each eye, processed by cortical, pre-tectal and tectal areas, will be the primary drive during slow tracking or fixation of visual targets. The sensory drive for the vestibulo-ocular reflex (VOR) is represented in the model via inputs carrying estimates of head angular velocity coming from the semicircular canals. In the context of the bilateral model below, vergence and version refer only to the components in the responses of two eyes, and do not necessarily refer to any particular sensory condition.
Model in the dark. The solid lines in Fig. 2 reflect the mirror symmetry of main centres participating in binocular control of horizontal eye movements in the dark. In this schematic, arrows indicate the direction of information inflow/outflow; variables placed next to each projection represent the sensitivity or "gain" along the pathway. According to usual conventions, "s" represents the Laplace complex variable. The dashed line (midline) denotes the imaginary division between right and left sides of the brainstem.
As in our previous model for the conjugate VOR (e.g. Galiana, 1991) , VN and PH centres are interconnected ipsilaterally and across the midline, and finally project to abducens (Ab) and oculomotor (Om) motoneurons. Such FIGURE 2. For the bilateral system in the dark, the essential model pathways are similar to those proposed in a previous bilateral model of the VOR (Galiana, 1991) . We see the mirror symmetry of premotor centres linking the vestibular nuclei (VN) and prepositus hypoglossi (PH) both ipsilaterally and across the midline. Mesencephalic vergence cells (Vc) on the midline receive afferent signals from both PH. Abducens (Ab) and oculomotor (Om) nuclei distribute signals to both eye plants [P(s)]. PH and eye plants are considered to be first-order filters. In the light, dashed pathways are also recruited via visuo-motor controllers (VM) providing measures of monocular retinal error and slip (see text for details). The VM controllers are transposed (note subscripts) in the schematic to maintain consistency between retinal error sign conventions and the efference copies (e.g. here E*R from right PH is mainly correlated with EL). Outputs from the PH on both sides can form an efference copy of a single eyeglobe angle, rather than vergence or version position. Since only slow target speeds are used in the simulations, visual delays are omitted here. interconnectivity between bilateral VN and PH has been well documented (Highstein & McCrea, 1988; Nakao, Sasaki, Schor & Shimazu, 1982) . In contrast to our previous VOR model form, we now propose that agonist/antagonist projections may be unequal in strength.
Since premotor signals project both to motor nuclei and the PH, we obtain efference copies of eye position simply by proposing that internal filtering in the PH [i.e. F(s)] approximate the eye plant dynamics. Hence PH tonic outputs will appear as internal models of eye position, in agreement with neurophysiological studies showing that activity of many cells in the PH is strongly correlated with eye position (Delgado-Garcia, Vidal, G6mez & Berthoz, 1989; Lopez Barneo, Darlot, Berthoz & Baker, 1982; McFarland & Fuchs, 1992) . However, in this bilateral scheme, model efference copy can be related to the ipsilateral, or the contralateral eyeball (or both), depending on the relative path weights, the sign of mutual VN-PH connections, and the nature of PH afferents (see Discussion). Here, the parameter set used will cause the efference copy to track the position of the contralateral eye (e.g. E*~ZEL, increasing with nasal angles) during pure vergence, or pure conjugate responses; mixed sensitivities will appear elsewhere.
In the dark, the inputs to the model are vestibular signals arising in the semicircular canals on each side (CR and CL). The outputs are the angular positions of the right and left eye (ER and EL), as processed by eye plant dynamics P(s). The influence of initial conditions [E*(0)] at the output of the PH filters can be described as weighted impulse inputs on each side. These allow for response changes with the initial orbital position of each eye.
PH output signals (tonic activity) are conveyed to the ipsilateral VN, according to anatomical and physiological data (Belknap & McCrea, 1988; McCrea & Baker, 1985) . In addition, the model postulates the existence ofefferents from the PH to vergence cells (Vc) located in the midbrain. Recent studies have characterized neurons in the monkey mesencephalon whose activity can be related primarily to vergence Mays, 198~) , accommodation Zhang, Mays & Gamlin, 1992) , or both. Both convergence and divergence cells have been reported, increasing and decreasing their activity respectively, with the vergence angle of the eyes (Mays, 1984) . Even though there is (to our knowledge) no reported study on the existence of specific projections from the PH to Vc, it is highly likely to be so since previous anatomical studies have described significant PH projections (ipsi > contra) to the mesencephalic reticular formation, the region where most vergence cells lie (McCrea & Baker, 1985; McCrea, 1988) .
The model focuses on convergence-type cells (Vc), driven by both PH, and projecting to the Ore. This is consistent with antidromic identification studies where near response cells project mainly to the ipsilateral oculomotor nucleus, at the level of its medial rectus subdivision (Zhang, Gamlin & Mays, 1991) . However, since stimulation of these cells causes simultaneous activation of both Om with associated convergence movements, it has been suggested that a coupling may exist between near response neurons located on both sides of the brainstem (Zhang et al., 1991) . Consequently, in the bilateral model we represent Vc cells as a collapsed pool of neurons, receiving bilateral projections from PH (Vc in Figs 2 and 3).
Model in the light. In Fig. 2 the neural controller processing visual motor error signals (VM) is represented as a summing junction, within feedback loops placed bilaterally; hence dashed pathways are recruited only during tracking of visual or imagined targets. These visual controllers are meant to represent the net effect of various cortical, cerebellar, tectal and pre-tectal areas, providing dynamic motor errors between visual inputs (TR and TL), and PH outputs (E*) on each side (Corvisier & Hardy, 1991; McCrea, 1988) . Such dynamic updating of visual motor errors during movements is analogous to schemes proposed by several researchers for the collicular control of conjugate saccades and coordinated eye-head gaze shifts (Galiana & Guitton, 1992; Guitton, Munoz & Galiana, 1990; Keller, 1981; Lef~vre & Galiana, 1992; Munoz, Guitton & P61isson, 1991a; Waitzman, Ma, Optican & Wurtz, 1991) . For now we assume that bilateral activation of both visuo-motor controllers can occur during pure vergence, as a result of the presence of retinal activity (target location) lying in both ipsilateral and contralateral visual fields (nasal or temporal hemiretinae of both eyes activated simultaneously). We will concentrate on pursuit-like responses to moving or stationary point targets (see Introduction).
The VM is depicted here as a pure comparator, in a position feedback loop, despite the fact that its function must depend on activity in maps, and that both retinal and non-retinal processes are involved in the extraction of target retinal error and slip. Thus, each VM output is presumed to provide both position error (r projection weight) and retinal slip (ts weight), which is consistent, for example, with studies showing sensitivity to both variables in either collicular or cerebellar efferent discharges during slow conjugate eye movements and saccades (Berthoz, A. Grantyn & Droulez, 1986; Guitton, 1991; Guitton & Munoz, 1991; Munoz et al., 1991a; Munoz, P61isson & Guitton, 1991b; Olivier et al., 1993; Waitzman et al., 1991) .
Excitatory pathways in the model transmit the VM output to the contralateral Ab and the contralateral PH (R. Grantyn, 1988; Olivier et al., 1993) , such that for example nasal retinal errors on the right eye will force leftward eye movements in that eye. For now Ab motoneurons (AM) and interneurons (AIN) are represented as a pooled population, since they are reported to have similar properties (McCrea, Strassman & Highstein, 1986) . AIN project to the contralateral Om (McCrea et al., 1986) . The combined agonist and antagonist drive from motoneurons conjointly drive P(s), first-order linear dynamic models of each eye plant. Since Om motoneurons control adducting movements in the horizontal plane (positive direction in the model), a connection with unity gain is included between the Om nucleus and the eye plant. Complementary considerations justify the pathway with gain -1 between the Ab and P(s).
RESULTS
Model analysis
The natural symmetry of the premotor circuits imbedded in the model, and interconnected across the midline, gives them the property of a differential processor (as in electronic differential amplifiers) with two distinct dynamic modes. Sensory-motor processing in this circuit can always be reexpressed as consisting of two components, whether at premotor or ocular levels. The first mode we have coined differential and it maps the difference between matched bilateral stimuli onto the conjugate component of binocular responses: this process uses only the differential mode dynamics represented below by the time constant zd. The second mode is called the common mode, mapping the sum of matched bilateral stimuli onto the vergence component of binocular responses: processing here relies only on common mode dynamics, with time constant zc. Remember that the term vergence here refers to the sum of the two eye angles, and is not restricted to visual or disparity stimuli! Model characteristics are best illustrated with a few simple cases.
The VOR. First, we will explore the network properties of the model during horizontal head rotation in the dark. In this case, all visual pathways are presumed silent, including those carrying retinal target error, and the relevant model structure is presented in Fig. 2 . As derived previously (Galiana, 1991) 
where s is the Laplace operator, r is the central VN resting rate, Gc and Ga are the gains of the common and difference modes, zc and ra are the time constants of the common and difference modes (poles), r is the time constant of the internal filter in the PH complex, and CR, CL are the firing rate on the right and left vestibular nerve. Boldface type denotes the Laplace transform of time variables. Table 1 provides the definitions of these gains and time constants, in terms of the model parameters, while Table 2 summarizes the model parameter set used in all simulations below.
For the sake of brevity, detailed derivations of these and following equations is not provided here; they will be described in a separate paper currently under review (Cova & Galiana, 1995) . We will focus on the sensory-motor implications of derived formulations and illustrate with several simulations. In this context, it is also reasonable to assume a resting rate of zero (r = 0) without loss of generality.
Equation 3 summarizes nicely the dual aspects of the proposed binocular controller. In response to head Both modes are imbedded at every central level, and evolve simultaneously in time, albeit with different dynamics. We have shown previously that these two components can complement each other to extend the linear range of the VOR beyond that expected from primary or central resting rates (Smith & Galiana, 1991) . In a normal subject, the activities on vestibular primaries are modulated in opposite directions, and in non-linear fashion, during pure angular head rotation. The sensitivity and working range of canal primaries is greater during rotation towards the side of a canal, and in its plane (Goldberg & Fernandez, 1971) . Thus the bilateral VN modulation due to the sum of primary modulation will be sensitive to the peak head velocities reached in a protocol. Monocular responses will also contain two components related to the sum and difference of canal afferents, thereby predicting, in principle, both version and vergence responses to angular head rotation. The relative weights from all premotor centres ipsilateral or contralateral to the motornuclei can be combined into a lumped effect such that With the present connectivity, ER* and EL* are internal efference copies of a single eye, contralateral to the PH location (e.g. ER* oC EL; EL* oC ER). Alternate connectivities between VN and PH, could cause tonic activities to act as efference copies of the ipsilateral eyeball, without changing the main properties described here (see Discusion).
Clearly, vergence [VE, equation (1)] is proportional to A and the sum of VN (or canal activity), while version [CO, equation (1)] responds to the difference between VN scaled by B. Hence, small or null vergence responses can be maintained whenever A and/or the sum of the bilateral VN modulations are small. For small head velocities, the canals modulate nearly symmetrically and so would cause purely conjugate binocular rotations. Strict adherence to Hering's law would also force A = 0, since all premotor projections would be balanced and of opposite sign. We prefer to leave the door open to possibly asymmetric projections to motor nuclei, which allows the VN to play a role in binocular vergence, since (1) both vestibular and visual sensory signals converge on the VN-PH complex, and (2) Hering's law is often violated during binocular eye movements with vergence components (Mays & Porter, 1984; Collewijn, 1995) .
Slow version or vergence pursuit. In this case, all model pathways are active (Fig. 3) , but there is no vestibular afferent modulation. In the model of Figs 1 and 3, retinal errors from both eyes RR=TR--ER; RL=TL--EL
are assumed to be transmitted, e.g. via tectal and pre-tectal pathways, to ocular premotor centres in the brainstem. Because of geometric symmetry in these retinal projections, VN responses during target tracking can again be expressed as a combination of two modes
VNlffS) = -Go'(z's + 1)(T~(s) + TL(S))/(Zc'S + 1)
+Gd'(r's + 1)(Tk(s) --TL(S))/(Zd'S + l) (8) VNL ( (8) predicts that such VN responses will bilaterally decrease their activity with increasing nasal angles [eyes or targets; TV, equation (2)], while symmetric (opposite) changes in activity will be correlated with ocular version or target eccentricity [TC, equation (2)]. The numerators in equation (8) no longer match exactly the eye plant filter time constant. However, suitable weighting of VN, PH and VM projections to motor pools can correct for the mismatch. Hence, the ocular trajectories resulting from the presentation of a stationary or slow-moving target can be represented by the same form as in equation (6), i.e.
E~(s) = A' 2Gc'(T,(s)+TL(S))/(rc's + 1) +B' 2Go'(T~(s)-TL(S))/(zds + 1) (9) EL(S) = A' 2Gc'(Ta(s) + TL(S))/(rc'S + 1) --B' 2Gd'(T~(s)-TL(S))/(Zd'S + 1)
where again the primes denote new parameter values with the recruitment of visual loops. Therefore, the monocular trajectories carry two components which simultaneously coordinate the evolution of binocular vergence and version, but with distinct dynamics (re' and za' in the light). In a truly symmetric premotor circuit, these separate dynamics can be recovered by examining ocular version (CO) and vergence (VE), using equation (1). In a real oculomotor system, the circuits are not likely to be perfectly symmetrical (dominant eye, asymmetric resting phoria...), so that equation (1) would in general have to allow unequal combinations of ER and EL, to extract the true and simplest dynamics supporting vergence and version. Monocular trajectories have the most complex dynamics, combining the effects of all time constants in the system. We have illustrated the two-mode aspect of any sensory response in this model of binocular control, using simple examples. In general, premotor and ocular responses would combine all aspects above during combined visual and vestibular stimulation. However, the dual-mode characteristic is always preserved, so that vergence or version are simply "unmasked" by the pattern of sensory inflow. Finally, non-zero initial eye positions in the orbits will also add two extra terms in the equations, through the effect of initial conditions on the internal efference copies. These effects are best understood using simulations.
Simulations
The model in Fig. 2 was implemented in Matlab (Mathworks, Mass.), using their simulation environment Simulink. The parameter set is presented in Table 2 , and simulation steps for integration were fixed at 1 msec. Both eye plants [P(s)] were set to K~/(zes + 1), and the filters inside each PH representation [F(s)] were set to K/(zs + 1) since first-order approximations for eye dynamics are sufficient here (Skavensky & Robinson, 1973) .
Binocular gaze holding--vergence/version integrators. First, we explore the property of gaze holding, which refers to the capacity to maintain gaze angles in the dark, without afterimages or vestibular stimuli (Fig. 2 , without the dashed pathways). Figure 3 illustrates the effect of starting the model with non-zero initial conditions on both ocular angles and internal efference copies; the lower panels show the monocular trajectories, while the top panels express the responses in terms of vergence and version components. When initial conditions correspond to a pure converged state [ Fig. 3(A) ], then both efference copies are positive and of equal magnitude. Hence both eye angles decay temporally (diverge), with an exponential trajectory corresponding to the time constant of the common mode (Zc ~ 5 sec), stabilizing at the null (frontal) position. This is a good approximation to observed vergence relaxation for "no target" conditions (Krishnan & Stark, 1977 . On the other hand, if the initial conditions correspond to a far eccentric target and a pure version state, the initial efference copies are of equal magnitude but opposite sign. In this case [ Fig. 3(B) ] the eye angles decay in a purely conjugate fashion, one moving nasally and the other temporally towards the null-position, with exponential trajectories defined by the difference mode (ra ~ 15 sec). Any other combination of initial conditions, for near and eccentric targets, will cause the monocular waveforms to follow more complex trajectories with two time constants [ Fig. 3(C) ]; however, version and vergence components have the same time constants in all cases.
The VOR in the dark. For sinusoidal rotation in the dark assuming reciprocal canal stimulation, the model FIGURE 4. Simple VOR case, with head rotation at i Hz, and resulting in purely conjugate eye velocity with compensatory gain -0.7; vergence angle remains null since we assumed symmetric canal modulation.
now appropriately simulates slow phase VOR responses (Fig. 4) . The input signal representing head velocity is a sinusoid with a frequency of i Hz and 30 deg/sec peak amplitude; it was processed by a high-pass filter with time constant 6 sec to represent canal dynamics. The resulting vestibular responses only modulate difference mode ocular responses (vergence remains at zero), since we assume equal and opposite modulation on the bilateral primary fibers [see equations (4) and (5)]. In steady state, conjugate eye velocity is appropriately out of phase with head velocity, which results in compensatory eye movements to stabilize gaze. As seen in Fig. 4 , the VOR gain in the dark reaches 0.7 with the selected parameter set (see Table 2 ). Increases to a gain of 1 are possible in the light.
Open and closed loop vergence. Previous experiments performed in both humans and monkeys characterized the vergence response under "open-loop" conditions, using electronic feedback to maintain the initial vergence error angle throughout the response Rashbass & Westheimer, 1961) . Vergence records obtained for open-loop conditions showed ramp like movements over a short period of time (a few sec). Consequently, models of vergence include a slow process represented by an ideal or in some cases, "leaky" integrator with large time constants. It is important to stress that the very short duration of observed data can lead to biased estimates of the gain and dynamics for open-loop conditions.
We have already shown that our binocular controller acts as a leaky integrator in the dark, with initial vergence decaying with an approximate time constant of 5 sec. Hence, open-loop vergence with a controlled constant error is equivalent to driving the model in Fig. 2 (in the dark) with a constant stimulus from the VM (step). The resulting monocular trajectories must reflect "integration" of this step with the same time constant as in Fig. 3 , producing a pure "ramp" of vergence in the initial phase which would eventually stabilize to a constant vergence angle. The ramp in the initial part of a simulated response, with our parameter set (first few sec) would give the subjective impression of a pure integrator, with gain in the 34 deg/sec/deg disparity range, compatible with reported values (see Rashbass & Westheimer, 1961) . Closed loop vergence responses to low velocity target ramps are shown in Fig. 5 . The simulation depicts the execution of slow movements tracking a target moving along the midline in the mid-saggital plane, for symmetric vergence demands. Predicted binocular vergence to a 1 deg/sec target ramp closely follows the input, with the steady-state gain near 1 observed experimentally and expected from the selected parameter set.
Central responses during pure convergence. The model response during target fixation at various depths in the mid-saggital plane [various TV in equation (2)] provides a measure of the sensitivity of various premotor sites to vergence or monocular eye angles. Figure 6 presents the activity on three pooled sites for vergence set-points ranging up to 10 deg (monocular eye deviations nasally from 0 to 5 deg). As expected from equation (8), we find that the activity on both VN will decrease with increasing vergence set-point, apparently causing a change in resting activity with target depth [ Fig. 6(B) ]. On the other hand, another interpretation is that VN activity decreases with nasal angular deviations in the contralateral eye, for this cell type (see Discussion). VN sensitivity to eye position is currently about 5.5 spikes/sec/deg of vergence, or l l spikes/sec/deg monocular. This is passed on to Ab motoneurons and interneurons through a gain of a = 0.4 [as shown in Fig. 6(B) ], so that sensitivity to eye position projecting from VN is 4.4 spikes/sec/deg monocular. At the time this model was first presented, VN modulation with vergence or monocular eye position was an unverified prediction (Cova, 1992; Cova & Galiana, 1992) . Since then it has been supported by recordings on tonic-vestibular cells in the VN, whose firing rate on the average changed by 1.8 spikes/sec/deg of the ipsilateral or contralateral eye position (McConville, Tomlinson, King, Paige & Na, 1994 ). In the model, the lumped VN to Ab projection actually represents the combined effect of contralateral excitation and ipsilateral inhibition, while other PH projections to Ab have been ignored; hence less than half the sensitivity shown in Fig. 6 (B) would be seen in individual VN cells providing ipsi or contra motor projections (<4.4/2 = 2.2 spikes/sec/deg), so that the model behaviour is in the range reported by McConville et al. (1994) . It is this decrease in VN activity with nasal eye deviations which causes a decrease in AM and AIN activity in the abducens, during convergence. In Fig. 6(A) , we observe that AIN activity modulates with the convergence angle, decreasing with a sensitivity of -2.25 spikes/sec/deg of vergence, which is compatible with reported data (Gamlin, Gnadt & Mays, 1989; Mays & Porter, 1984) . On the other hand, vergence cells in the model (Vc) increase their activity with convergence, since they are driven by both PH, which themselves increase their activity with nasal angles [ Fig. 6(C) ]. The sensitivity of vergence cells in the model is 15 spikes/sec/deg of vergence, which is consistent with reported values in neurophysiological studies Mays, 1984; Zhang et al., 1992) . In summary, we find that this binocular controller predicts changes in activity with vergence, in premotor centres traditionally considered to be modulated only by version parameters (e.g. VN and PH). The implications are considered in the Discussion.
Combined version and vergence pursuit. Finally, we present a preliminary simulation of the model during tracking of a target moving at constant speed along the line of sight of one eye (here the right eye, looking straight ahead). During tracking of a target moving at 1.5 deg/sec, the left (misaligned) eye moves along the expected ramp and follows the target (Fig. 7) . The right (initially aligned) eye, on the other hand, temporarily moves away from the target, producing transient convergence, due to the coupling of version and vergence in the premotor circuits. However this inappropriate response remains small (~ 0.5 deg deviation from the target, for each 1.5 deg/sec of target speed), despite much larger amplitudes in the response of the tracking eye. This type of behaviour has been frequently described in asymmetric tracking behaviour, and is further evidence of the basic validity of the proposed binocular control model (e.g. King & Zhou, 1995) .
DISCUSSION
We have presented a new approach for the control of binocular coordination: by relying on known anatomy and physiology, a controller with the symmetric connectivity of the brainstem has been shown to be capable of imbedding both vergence and version dynamics in a single coupled network. Some of the main properties developed through analysis or simulation are:
• Conjugate and vergence dynamics are imbedded in the same circuit, but are elicited simply by the pattern of sensory inflow on the two sides of the controller.
• The dynamics of vergence and version integrators can be tuned independently by parametric changes at the level of premotor feedback loops (see Table 1 ). Simulations during VOR or slow disconjugate tracking appropriately represent ocular responses and premotor activity in VN, PH, vergence cells, and motor nuclei. Premotor centres previously considered to be " conjugate controllers (e.g. VN) are shown in the, model to also respond to vergence set-point or' demand. "~ .... " ' .1 Observed AIN firing rate reduction during convergence is explained here by a parallel reduction in premotor VN activity; it could not be explained by observed increases in excitatory Om interneuron activity, projecting back to the contralateral abducens (Clendaniel & Mays, 1994) . This modelling approach is quite different from previous studies which assumed that vergence and version relied on separate integrators and premotor networks (Cannon & Robinson, 1983; Krishnan & Stark, 1983; Schor, 1986; Zee et al., 1992) . These models were useful to study behavioural responses, but were never intended to represent central responses, nor allow for versionvergence interactions. These and other issues will now be discussed in more detail.
An integrator for each eye or each binocular mode?
Our bilateral controller provides for vergence and version gaze holding with distinct dynamics. Yet the two "integrator" functions can be imbedded in the same system, representing the internal properties of two modes in one symmetric controller. This explains why unilateral lesions in the VN-PH complex affect version gaze holding in both directions, and on both eyes. The model predicts that the dynamics of vergence and version modes can be tuned independently, despite their common circuit, by selective weighting of cross-midline and ipsilateral feedback loops at premotor levels (see Table 1 ). The VN-PH complex is expected to be a key site for both vergence and version integrators.
Despite the fact that version and vergence integrators are imbedded in the model's premotor system and shared by both eyes, the implementation of this controller relies on the generation of internal efference copies of position related to monocular angles. That is, monocular trajectories are being controlled, so there is no need to generate efference copies of version angles, for example. This is compatible with recent physiology. The tonic component on premotor VN cells of the tonic-vestibular type is better correlated with a given eye position (McConville et al., 1994) , rather than the previously assumed conjugate eye deviation (average of right and left eye). This explains why some second-order VN cells decrease their activity with increasing convergence set-point, since then both eyes move in the same direction changing the activity of monocular VN cells on both sides in the same direction. Model VN cells in Fig. 7 have this characteristic. Thus the bilateral model has the unusual property of providing separate efference copies for each eye, while the dynamics of version and vergence are transmitted to both eyes.
The current model structure is very simplified and relies only on mutual inhibition between ipsilateral VN and PH. As a result, the efference copies track the contralateral eye alone for conjugate responses or vergence responses along the mid-saggital plane. In the case of near and eccentric moving targets, the current model efference copies would now be mixed, but still dominated by the contralateral eye, despite the coupling in the network. We have developed (on-going work) extensions to this approach which complement the model's inhibitory connections between ipsilateral VN-PH, with excitatory connections between contralateral VN-PH: in this case, it is possible to have efference PH populations on both sides, responding always to either the ipsi or contra eye, in all conditions. This requires that the PH (eye plant models) be updated by all premotor signals projecting to the relevant eye, while currently each PH is only updated by the ipsilateral VN (only part of the motor drive in this reduced model).
Vergence angle can be considered to be monitored by the vergence cells in the network, but this is only incidental to the fact that they respond to bilateral PH inputs. The same result could be achieved with any projections of premotor signals onto vergence cells, so long as these are equally weighted and arise from homologous centres on both sides of the brainstem.
Possible sources for slow vergence/version pursuit
It has been known for many years that both target position on the retina, and slip velocity, can affect the parameters of smooth pursuit in humans and primates (Segraves & Goldberg, 1994; Barnes & Asselman, 1992; Barnes, Donnelly & Eason, 1987; Lisberger et al., 1987; Carl & Gellman, 1987; Pola & Wyatt, 1980) . The effects of slip velocity are generally accepted to be transmitted via cerebellar pathways, projecting onto brainstem premotor circuits. However, the site(s) mediating position effects remain unclear; arguments include cortical processing of position errors (like target steps) to produce the illusion of slip, and/or a contribution from error maps like the SC and FEFs during slow eye movements. Such maps have historically been assumed to affect only the parameters of rapid eye movements (saccades), but there is now evidence in both monkey and cat that they may also support intersaccadic responses (smooth eye movements). Collicular encoding of disparity information has been reported in the opossum (Dias, Rocha-Miranda, Bernardes & Schmidt, 1991) and the cat (Berman, Blakemore & Cynader, 1975) . Lesion experiments conducted by Cowey and coworkers (Cowey, 1985; Cowey & Wilkinson, 1991; Cowey, Smith & Butter, 1984) in monkeys suggested that vergence and movement discrimination is impaired following damage to tectal-pretectal and tectaI-FEF areas. These observations and those listed in the Introduction certainly imply the SC/FEF as sites for mediating gaze correction even during slow movements. However, it remains to be verified in well-designed experiments.
Asymmetric patterns of activation on such visuomotor maps could support version-vergence interactions, upon projecting to bilateral premotor circuits. For example, during orientation to eccentric and/or near targets, collicular patterns of activation on the two sides of the brainstem can differ significantly. In most mammals and some primates, the retinal projection to a given SC includes not only the contralateral visual field, but also a significant range of the ipsilateral field, up to 25 deg in some species (Thiele, Vogelsang & Hoffman, 1991; Mark, James & Sheng, 1993) . In these cases, there is the potential for many combinations of SC activation on the two sides, if the target is within the binocular range (e.g. ~ 25 deg): e.g. activation of both caudal zones would flag a convergence error, while activation of the caudal zone on one SC with the most rostral zone on the other would be associated with a conjugate error. Similar arguments could apply to cerebellar-mediated slip velocity signals. We investigated the effects of such symmetric or asymmetric retinal errors, and found that their projection to VN-PH centres could explain many of the observed vergence-version interactions at both behavioural and central levels.
Implications jor sensory-motor adaptation
There are several implications regarding sites of plasticity in binocular control. Though the trajectories of both eyes may carry the same dynamics (version and vergence time constants), their relative weights can be adjusted at the periphery to allow for muscle/plant/visual differences in each eyeball. Such adaptation to muscle changes, for example, need not alter the integrator time constants if the sites involved are not participating in the premotor loops. Yet, because crossed internuclear pathways affect both eyes, changing the response gain on one eye without affecting the other could require parametric changes along all motor pathways to both eyes.
Dynamics can be adjusted separately from ocular response gains. Plasticity or parametric changes at premotor levels in the interconnecting loops will change only mode dynamics, whereas plasticity outside (at motor levels or sensory afferent levels) would only affect response sensitivities.
CONCLUSION
A major implication of this study is that binocular recordings during experimental protocols should become the norm, whether testing ocular or central responses. Cross-talk between version and vergence, and the modulation of central circuits with monocular parameters clearly make this a necessity. The anatomical relevance of the proposed binocular controller, and its agreement with observed central activities, suggest that it should be a useful tool in the study of both normal and pathological oculomotor control. It should also provide a basis for the elaboration of models which allow for needed adaptive interactions between linear and angular vestibular reflexes and visual tasks: e.g. vestibular gains must be adjusted with the depth of viewed targets.
